The binding site of sn-1(3)-regioselective Rhizopus oryzae lipase (ROL) has been engineered to change the stereoselectivity of hydrolysis of triacylglycerol substrates and analogs. Two types of prochiral triradylglycerols were considered: 'flexible' substrates with ether, benzylether or ester groups, and 'rigid' substrates with amide or phenyl groups, respectively, in the sn-2 position. The molecular basis of sn-1(3) stereoselectivity of ROL was investigated by modeling the interactions between substrates and ROL, and the model was confirmed by experimental determination of the stereoselectivity of wild-type and mutated ROL. For the substrates, the following rules were derived: (i) stereopreference of ROL toward triradylglycerols depends on the substrate structure. Substrates with 'flexible' sn-2 substituents are preferably hydrolyzed at sn-1, 'rigid' substrates at sn-3. (ii) Stereopreference of ROL toward triradylglycerols can be predicted by analyzing the geometry of the substrate docked to ROL: if the torsion angle Φ O3-C3 of glycerol is more than 150°, the substrate will preferably be hydrolyzed in sn-1, otherwise in sn-3. For ROL, the following rules were derived: (i) residue 258 affects stereoselectivity by steric interactions with the sn-2 substituent rather than polar interactions. To a lower extent, stereoselectivity is influenced by mutations further apart (L254) from residue 258. (ii) With 'rigid' substrates, increasing the size of the binding site (mutations L258A and L258S) shifts stereoselectivity of hydrolysis toward sn-1, decreasing its size (L258F and L258F/L254F) toward sn-3.
Introduction
Lipases (triacylglycerol hydrolase; E.C. 3.1.1.3.) display a broad spectrum of substrate specificity. Their natural substrates are triacylglycerols, but lipases also catalyze the hydrolysis of other water-insoluble carboxyl esters as well as the esterification of primary and secondary alcohols and transesterification reactions (Schmid and Verger, 1998; Kazlauskas and Bornscheuer, 1998) . Rhizopus oryzae lipase (ROL), like other sn-1(3)-regioselective lipases (Rogalska et al., 1993) , hydrolyzes prochiral triacylglycerols to chiral diacylglycerols with moderate stereoselectivity. For the same triacylglycerol, the stereoselectivity of different lipases varies widely (Rogalska et al., 1993) .
The stereoselectivity of hydrolysis and esterification reactions depends on the structure of the sn-2 substituent in triradylglycerols (Stadler et al., 1995; Kovac et al., 1996; Haalck et al., 1997) . A model was introduced to explain the experimentally determined stereoselectivities of ROL (Haalck et al., 1997; Holzwarth et al., 1997) . Two hydrophobic patches were identified to which the fatty acid chains can bind. The hydrophobic crevice is assumed to bind the scissile sn-1(3) fatty acid chain, while the smaller hydrophobic dent can either bind the sn-2 or the non-hydrolyzed sn-3(1) acyl chain. The model predicts that steric interactions of the sn-2 chain region adjacent to the prochiral C2 of glycerol with ROL L258 has a strong impact on the steric course of hydrolysis.
In the present study, lipase variants with modified stereoselectivity properties toward triradylglycerols were engineered by re-designing recombinant Rhizopus oryzae lipase. The goals were to verify the model by Holzwarth et al. (1997) and Haalck et al. (1997) and to deepen our understanding of the molecular basis of stereoselectivity in lipases.
Materials and methods

Molecular modeling
Hard-and software. Modeling studies were carried out on a Silicon Graphics Workstation Indigo2/R10000. The software for energy minimization and molecular dynamics simulations was Sybyl 6.3 (Tripos, Inc.) using the Tripos force field (Clarke et al., 1989) . X-ray structures of lipases were obtained from the Protein Databank (PDB, Bernstein et al., 1977) . Molecular dynamics simulations. The structural model of the open form of ROL (Beer et al., 1996) built from the crystal structure (PDB entry 4tgl) of the homologous Rhizomucor miehei lipase (RML; Derewenda et al., 1992) was used for molecular modeling. A trioctanoin substrate was docked to the model structure mimicking the first tetrahedral transition state which is the rate limiting step of triacylglycerol hydrolysis (Beer et al., 1996) . Guided by the crystal structure (PDB entry 5tgl) of the RML n-hexyl phosphonate ethylester inhibitor complex (Brzozowski et al., 1991) , the substrate was placed with the oxyanion oriented to the oxyanion hole (T83 and L146) and with a covalent bond between Oγ of the active site S145 and the tetrahedral carbon. Four possibilities of substrate binding were investigated (Figure 1 ). The scissile sn-1 ('sn-1 orientation') or the sn-3 fatty acid chain ('sn-3 orientation') was docked to the hydrophobic crevice, the sn-2 substituent ('sn-2 down mode') or the non-hydrolyzed sn-3(1) acyl chain ('sn-2 up mode') was placed in the hydrophobic dent (Holzwarth et al., 1997; Haalck et al., 1997) . All other substrates were derived from trioctanoin by exchanging the sn-2 moiety (Figure 2 ). The fatty acid chain lengths in sn-1 and sn-3 position vary between the modeled (C 8 ) and hydrolyzed substrates (C 18 ).
Since the ROL-substrate complex mimics the first transition In the left column (a and c), the scissile sn-1 fatty acid chain binds to the hydrophobic crevice ('sn-1 orientation'). In the right column (b and d), the scissile sn-3 fatty acid chain binds to the hydrophobic crevice ('sn-3 orientation'). In the upper row (a and b), the sn-2 substituent binds to the hydrophobic dent ('sn-2 down mode'). In the bottom row (c and d), the non-hydrolyzed sn-3(1) fatty acid chain binds to the hydrophobic dent ('sn-2 up mode'). The sections a and d as well as sections b and c display the same configuration at the prochiral C2 of glycerol. Hydrolysis experiments were performed using esters of oleic acid (C 18 ). Stadler et al. (1995) demonstrated that the fatty acid chain length only has minor influence on stereoselectivity of Rhizopus oryzae lipase.
state of triradylglycerol hydrolysis, the protonation state at H257 and the partial charges of S145, H257 and the substrate were modified according to Holzwarth et al. (1997) as calculated by the semi-empirical method MNDO94/PM3 (Stewart, 1989) . The structures of the ROL-substrate complexes were refined by energy minimization and subsequent molecular dynamics simulations (Holzwarth et al., 1997) . For wild-type ROL, all five substrates were analyzed in both sn-1 and sn-3 orientation, and in sn-2 down and sn-2 up mode. For the mutated enzymes, selected substrates were compared in sn-2 down mode only. Energy minimization and molecular dynamics simulations were carried out in vacuo with constrained protein backbone. During the initial equilibration phase, the complexes were 676 Fig. 3. (Left) As an example, for sterical interactions to occur between the sn-2 substituent adjacent to the prochiral C2 of glycerol and the side chain of L258, the amide substrate docked to the wild-type ROL in sn-1 orientation in sn-2 down mode is shown. (Right) Amide substrate docked to the wild-type ROL in sn-3 orientation in sn-2 down mode. Sterical interactions occur between the prochiral C2 of glycerol and the side chain of L258. Definition of torsion angle Φ O3-C3 . Carbon atoms in light gray, heteroatoms in dark gray. C tetr. : tetrahedral carbon; Oγ: oxygen in active site serine S145 side chain; O1, C1, C2, C3, O3: glycerol backbone atoms; NЈ, C1Ј: atoms of amide sn-2 substituent. equilibrated in three intervals of 2 ps each at 5, 30 and 70 K and 10 ps at 100 K, followed by a production phase of 2 ps at 100 K. The step size was 1 fs up to 30 K and 0.5 fs for 70 and 100 K. The non-bonded interaction cut-off was set to 8 Å, the coupling constant to 10 fs, and the dielectric constant to 1.0. The conformers were saved every 40 fs. An average structure was created by superimposing and averaging 50 ROLsubstrate complex structures of the production interval. The average structures were analyzed by comparing seven torsion angles, Φ Ctetr.
, along the glycerol backbone and the sn-2 substituent of the substrate (Figure 3 ). For the phenyl substrate, only torsion angles along the glycerol were analyzed.
Mutant generation
Materials. The Pfu-polymerase was purchased from Strategene (Heidelberg, Germany), the pCR ® II sequencing vector from Invitrogen (Leek, The Netherlands) and the pGEM T easy sequencing vector from Promega (Mannheim, Germany). The pET 3a vector as well as the Escherichia coli BL21(DE3) cells were obtained from Novagen (Madison, WI, USA). The mutagenic primers were synthesized by MWG Biotech (Ebersfeld, Germany), substrates for the activity assays (tributyrin and triolein) were from Sigma (Deisenhofen, Germany). Site-directed mutagenesis, expression and enzyme purification. The cDNA of ROL was obtained from D.Beer, GBF (Braunschweig, Germany). Site-directed mutagenesis was accomplished using a PCR overlap extension method (Innis and Gelfand, 1990) . Nucleotide sequence changes were introduced by two complementary internal mutagenic primers, whereas the complete 830 bp cDNA fragment encoding the lipase was amplified in a second PCR using two specific external primers. PCR products were purified using agarose gel electrophoresis and subcloned into pCR ® II-or pGEM T easy sequencing vector. Double mutations of Rhizopus oryzae lipases were engineered by using the cDNA containing the single L258F substitution as template for the additional round of site-directed mutagenesis. The whole amplified fragment was sequenced, subsequently excised from the vector, and cloned as an BamHI/NdeI fragment into the multicloning site of the pET 3a vector from Novagen (Madison, WI, USA). Escherichia coli BL21(DE3) cells were transformed with the recombinant pET 3a lipase plasmids and grown in LB media at 37°C (Ausubel et al., 1995) . Further expression and purification of recombinant mutated lipases was carried out as described by Haalck et al. (1997) . Preparation of substrates Trioleoylglycerol (ester substrate) was purchased from Nu Chek Prep (Elysian, MI, USA). The preparation of 1,3-dioleoyl-2-O-hexadecylglycerol (ether substrate) was performed as described by Stadler et al. (1995) . 1,3-Dioleoyl-2-O-benzylglycerol (benzylether substrate), 1,3-dioleoyl-2-deoxy-2-palmitoylaminoglycerol (amide substrate) and 1,3-dioleoyl-2-deoxy-2-phenylglycerol (phenyl substrate) were prepared by acylation of the corresponding monoradylglycerols (2-O-benzylglycerol, 2-deoxy-2-palmitoylaminoglycerol and 2-deoxy-2-phenylglycerol, respectively) with oleic acid in the presence of 4-dimethylaminopyridine, N,NЈ-dicyclohexyl-carbodiimide and carbon tetrachloride, using standard procedures (Duralski et al., 1989) . 2-O-Benzylglycerol was prepared by benzylation of 1,3-O-benzylideneglycerol with benzylbromide and subsequent acid hydrolysis in the presence of methanol and hydrochloric acid (Baggett et al., 1960) . 1,3-O-Benzylideneglycerol was synthesized by stirring of an equimolar mixture of glycerol and benzaldehyde in the presence of toluenesulfonic acid (Haalck et al., 1997) . Serinol was monoacylated to 2-deoxy-2-palmitoylaminoglycerol by reaction with palmitoyl chloride dissolved in tetrahydrofuran, in analogy to the procedure described by Dijkman et al. (1990) . 2-Deoxy-2-phenylglycerol was synthesized from commercially available 2-phenyl-diethylmalonate (Fluka, Buchs, Switzerland) by reduction with lithium alanate (Haalck et al., 1997) . Lipase assay Lipolysis. In the standard assay (Kovac et al., 1996) , 1 mg triradylglycerol was weighed into teflon-stoppered glass tubes to which 1.5 ml of the reaction buffer (50 mM Tris-HCl, pH 7.0, 0.9% NaCl) was added. After addition of 10 -4 to 10 -3 U lipase [the enzymatic activity (Kovac et al., 1996) was determined by titration using tributyrin as substrate], the substrate emulsion was incubated in a shaking water bath at 37°C. The course of lipolysis was monitored qualitatively by TLC on silica gel 60 plates using the solvent system chloroform/ acetone/acetic acid (95:4:1, v/v/v). The enzymatic reaction was stopped by addition of CHCl 3 before appreciable amounts of monoradylglycerol were seen on TLC (usually between 1 to 15 min). Resolution of enantiomeric diradylglycerols. Resolution of the enantiomeric diradylglycerols was carried out according to a modification (Kovac et al., 1996) of the procedure described by Rogalska et al. (1990) . The crude lipid mixture was dissolved in 100 µl dry toluene. R-(ϩ)-phenylethylisocyanate (3 µl) and a catalytic amount (approximately 0.5 mg) of 1,4-diazabicyclo[2.2.2]octane were added and the derivatization was carried out in sealed Wheaton vials under occasional shaking at room temperature for 24 h. Prior to HPLC analysis, the resulting phenylethyl carbamate derivatives were purified by TLC on silica gel 60 plates containing a fluorescence indicator, using n-heptane/ethyl acetate (70:30, v/v) as the solvent system. Separation of the diastereomeric carbamate derivatives was accomplished on a Hewlett-Packard HPLC-system, equipped with a silica gel column (4 ϫ 300 nm, Eurosphere 100, 6 µm, Knauer), using a solvent mixture of constant composition [n-heptane/isopropanol (99.5:0.5, v/v) for the separation of rac-1,2(2,3)-dioleoyl-, rac-1(3)-oleoyl-2-O-hexadecyl-, rac-1(3)-oleoyl-2-O-benzyl-and rac-1(3)-oleoyl-2-phenyl-derivatives, and solvent system n-heptane/methanol (98.9:1.1, v/v) for rac-1(3)-oleoyl-2-deoxy-2-aminopalmitoyl derivatives] at a constant flow rate of 0.8 ml/min. Peaks were monitored at 210 nm. The stereochemical configuration of the 1,2(2,3)-dioleoyl-(R-1-phenylethyl)carbamate derivatives and of 1(3)-oleoyl-2-O-hexadecyl-, 1(3)-oleoyl-2-O-benzyl-, 1(3)-oleoyl-2-deoxy-2-palmitoylamino-and 1(3)-oleoyl-2-deoxy-2-phenyl-(R-1-phenylethyl)carbamate derivatives was determined by comparison with the carbamate derivatives of 1,2-dioleoylsn-glycerol, 1-oleoyl-2-O-hexadecyl-sn-glycerol, 1-oleoyl-2-O-benzyl-sn-glycerol, 1-oleoyl-2-deoxy-2-palmitoylamino-snglycerol and 1-oleoyl-2-deoxy-2-phenyl-sn-glycerol, respectively. In HPLC, the sn-2,3 derivatives of the ester, ether and amide substrates eluted before the sn-1,2 derivatives. The elution order of 1(3)-oleoyl-2-deoxy-2-phenylglycerol carbamates was opposite (R t sn-1,2 Ͻ R t sn-2,3) (Haalck et al., 1997; Stadler et al., 1995) .
Results
Molecular modeling
Substrate binding. The stereoselective hydrolysis of five triradylglycerols with sn-2 substituents of various size and chemical structure by the sn-1(3)-regioselective ROL was investigated. Two groups of substrates can be distinguished due to the bond order in the functional group of the sn-2 substituent (Figure 2 ). The bond order is coherent to the rotability along the OЈ-C1Ј (in ether, benzylether and ester), NЈ-C1Ј (in amide) and C1Ј-C2Ј (in phenyl) bond, respectively. Triradylglycerols carrying an oxygen adjacent to C2 are classified as 'flexible' substrates, since these groups can rotate along the OЈ-C1Ј single bond of the sn-2 substituent. Flexible substrates bear sn-2 substituents of various size like small ether, larger ester, or even more bulky benzylether groups. In 'rigid' substrates, the partial double bond character of the amide bond or the rigidity of the aromatic ring system restricts the rotation of the NЈ-C1Ј and C1Ј-C2Ј bond in amide and phenyl substrate, respectively. Hence, the sn-2 substituent is more rigid close to C2 as compared with flexible substrates. Additionally, the amide group and phenyl ring adjacent to C2 are larger compared with flexible substrates. The benzylether substrate combines both ether group and phenyl ring as sn-2 substituent in order to investigate whether the chemical structure of the group adjacent to C2 or the size of the sn-2 substituent influences stereoselectivity.
Two hydrophobic patches in the binding site of the sn-1(3)-regioselective ROL were identified to which the acyl chains of the substrate are assumed to bind (Holzwarth et al., 1997; Haalck et al., 1997) . The deep hydrophobic crevice consists of the amino acids T83, A89, I93, F95, F112, L146, P178, V206, P210 and F216, and the shallow hydrophobic dent which comprises I205, T252, L254 and L258. Figure 1 illustrates the four possibilities for productive binding of a triradylglycerol substrate to ROL. Wild type ROL sn-2 down mode. All lipase-substrate complexes showed sterical interactions between the triradylglycerol substrate and the side chain of L258 in the hydrophobic dent. The sn-2 substituent close to C2 of glycerol was located in a gap ('His gap') between the side chains of the catalytic H257 and L258 (3.8 Å distance of C α -C α ). In sn-1 orientation, the closest a Mean Ϯ standard deviation (n ϭ 3). b Specific activities were only measured for triolein, since it is a standard procedure. For other triradylglycerols, lipase activities were tested using TLC methods with wild-type ROL as a reference indicating no significant changes compared with the wild type. The specific activities of wild-type ROL and mutants toward triradylglycerol substrates vary due to diverse substrate solubilities and reaction conditions and, therefore, recommend the development of individual activity assays.
[
contact between L258 and the carbonyl oxygen of the sn-2 substituent was about 2.5 Å, while in sn-3 orientation, the smallest distance between substrate and ROL was 4.4 Å from L258 (Figure 3) . In sn-3 orientation, the bond between glycerol C2 and the sn-2 functional group (C2-OЈ in ether, benzylether and ester, C2-NЈ in amide, and C2-C1Ј in phenyl) pointed toward the bottom of the hydrophobic dent. In the sn-1 orientation, this bond pointed away from the hydrophobic dent (Figure 3 ) due to the opposite configuration for substrates at C2 of glycerol ( Figure 1) . As a consequence, in sn-1 orientation, the geometry of sn-2 substituents of rigid and flexible substrates was similar, while in the sn-3 orientation, their geometry was different.
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Thus, the geometry of the bound substrate depends on sterical interactions between the sn-2 substituent and mainly residue 258. To localize this difference in geometry, seven torsion angles of the glycerol backbone and the sn-2 substituent of the substrates (five for phenyl substrate) were compared. We observed a correlation between the geometry of glycerol, namely torsion angle Φ O3-C3 of the hydrolyzed ester oxygen and glycerol C3 of the substrate in the sn-3 orientation and the flexibility of the functional group in the sn-2 substituent in triradylglycerols: for flexible substrates, Φ O3-C3 ranges from 160 to 170°, while for rigid substrates Φ O3-C3 is about 120° (  Table I) . Flexible substrates are hydrolyzed stereoselectively in sn-1, rigid substrates in sn-3. With Φ O3-C3 discriminating between these two types of triradylglycerol substrates, this model enables us to predict stereopreferences of ROL toward triradylglycerols. sn-2 up mode. During molecular dynamics simulations, the non-hydrolyzed sn-3(1) acyl chain left the hydrophobic dent for all substrates. From these results, we concluded that for ROL the sn-2 down binding mode is favoured over sn-2 up. Therefore, molecular dynamics simulations of mutated ROLsubstrate complexes were only performed with triradylglycerols in the sn-2 down mode. L258 mutations. To alter stereoselectivity of ROL toward triradylglycerols, L258 was replaced by the small alanine, the small and polar serine and the bulky phenylalanine. Substituting this residue was expected to change the binding geometry. This effect should be most prominent for substrates with rigid sn-2 substituents like amide and phenyl. Three triradylglycerols have been investigated (amide, phenyl and ester substrates). The data are summarized in Table I .
The values for the torsion angle Φ O3-C3 of the amide substrate were less than 150°, i.e. 127, 143 and 110°for mutations L258A, L258S and L258F, respectively. The torsion angle Φ O3-C3 of the phenyl substrate for the L258A (Φ O3-C3 ϭ 170°) and L258S (Φ O3-C3 ϭ 164°) mutated enzymes were higher than that for the wild type, while for L258F ROL (Φ O3-C3 ϭ 96°) its value was less than that for the wild type (Table I) . Φ O3-C3 of the ester substrate bound to all enzymes with mutated L258 was similar to that of the wild type with 157, 165 and 155°for mutations L258A, L258S and L258F, respectively (Table I) . L258/L254 double mutations. The influence of other residues in the hydrophobic dent on the stereoselectivity was investigated (Figure 3 ) by exchanging L254, which is at a distance of 7.2 Å (C α -C α ) from L258. Double mutations were created with L258 replaced by the bulky phenylalanine and L254 substituted by the small alanine, valine or the bulky phenylalanine. Three triradylglycerols (amide, phenyl and ester substrates) were investigated with L258F/L254A and L258F/L254V ROL. For L258F/L254F ROL the ether substrate was also modeled. The torsion angles Φ O3-C3 of rigid substrates were less than 150°. Φ O3-C3 of the amide substrate was 131 (L258F/L254A), 120 (L258F/L254V) and 143°(L258F/L254F), while Φ O3-C3 of the phenyl substrate was 113, 107 and 96°, respectively (Table I) .
Φ O3-C3 of the flexible ester substrate was 165°for L258F/ L254A, 153°for L258F/L254V and 141°for the L258F/L254F double mutations. In contrast to the latter, Φ O3-C3 of the small and flexible ether substrate bound to the L258F/L254F ROL was 167° (Table I) .
Mutant generation
To test our model experimentally, the wild type as well as mutated lipases were over-expressed in E.coli BL21(DE3) by means of the expression vector pET 3a and induction with isopropyl-β-thiogalactopyranoside (final concentration 1 mM) yielding cytoplasmic inclusion bodies. Subsequently, after isolation and resolubilization of the inclusion bodies, the lipase was refolded and purified to homogeneity (Figure 4 ) by cation exchange chromatography and size exclusion chromatography according to Haalck et al. (1997) . This expression system allowed reliable production of wild-type enzyme and ROL mutations with a yield of 50-60 mg protein of culture broth. The specific activity of the lipases toward olive oil was determined directly after purification by the pH-stat method following the protocol of Ruyssen and Lauwers (1978) . The Fig. 4 . Purification of mutated L254A ROL by cation exchange chromatography. Fractogel ® EMD SO 3 650 (M) (8 ϫ 15 cm); starting buffer, 19 mM NaH 2 PO 4 , 1 mM Na 2 HPO 4 , pH 5.5; elution, gradient from 0 to 1.5 M NaCl in starting buffer; flow, 20 ml/min; fractions, 10 ml. Arrows, fraction containing purified lipase. Insert, SDS-PAGE of purified lipase fractions; M, marker proteins; 1, pooled fractions after cation exchange chromatography; 2, purified lipase after gel filtration.
recombinant wild-type ROL revealed a specific activity of 7770 U/mg which is about 70% of the specific activity found for the wild-type ROL isolated from the fungus. This compares favorably to the recombinant lipase from Rhizopus delemar which is 99.9% identical in sequence to ROL (Haas et al., 1992) and for which a loss of more than 50% in specific activity was described in comparison to the wild-type lipase (Haas et al., 1991) . It is noteworthy that all mutated ROL produced showed specific activities of 56-94% of the recombinant wild-type lipase (Table I) . Lipase assay Experimental determination of stereoselectivity. Hydrolysis reactions were carried out with triradylglycerol ( Figure 2 ) emulsions in buffer without the addition of detergents. All reactions were stopped before any formation of the monoradylglycerols was observed by TLC [conversion (c) of 5% or less]. This strategy for the hydrolysis experiments was chosen in order to ensure that the enantiomeric excess (ee; Table I) only described the stereoselectivity for position sn-1 or sn-3 in the triradylglycerol substrates and was not influenced by selective disappearance of the enantiomeric diradylglycerols by further hydrolysis or re-esterification. As long as no subsequent reaction occurred, the ee-values remained constant.
According to the model, replacement of L258 by the more bulky and rigid phenylalanine resulted in enhanced preference for the sn-3 position of the palmitoylamino-and phenylanalogs of trioleoylglycerols (86 and 91% ee sn-3, respectively), compared with the stereoselectivity of wild-type enzyme (63 and 77% ee sn-3, respectively). On the other hand, increasing the size of the binding site (mutations L258A and L258S) led to a switch in the stereopreference of ROL from the sn-3 to the sn-1 position of 1,3-dioleoyl-2-deoxy-2-phenylglycerol (from 77% ee sn-3 to 68 and 53% ee sn-1, respectively). With the amide substrate, only a slight decrease in sn-3 stereoselectivity was observed (from 63 to 52% and 60% ee sn-3, respectively).
An additional mutation at L254 had no significant effect on the stereoselectivity of ROL toward the amide, phenyl and ether substrates. However, with the ester substrate the L258F/L254F double mutation became unselective (from 19% ee sn-1 to 5% ee sn-3). The enantiomeric ratio (E; Table I) was calculated by measuring the enantiomeric excess of the corresponding diradylglycerols formed at a certain degree of conversion c (Chen et al., 1982) . For small conversions (c Ͻ 10%), E is independent from the reaction time and can be calculated directly from ee measurements.
The enantiomeric ratio is an adequate parameter to quantify biochemical kinetic resolution. The same trend as for the eevalues was observed: increasing the binding site of ROL resulted in smaller enantiomeric ratio for sn-3 for the amide and in a switch to sn-1 for the phenyl substrate [for L258A, E ϭ 3 (sn-3) and E ϭ 5 (sn-1), respectively; for L258S, E ϭ 4 (sn-3) and E ϭ 3 (sn-1), respectively] as compared with the wild type [E ϭ 5 and 8 (both sn-3) , respectively]. Decreasing the size of the binding site led to higher E-values (for L258F, E ϭ 14 and 22, respectively). With the L258F/L254F double mutation, more than three-times higher E-values were obtained for the amide and phenyl substrates (E ϭ 18 and 25, respectively), as compared with the wildtype enzyme. Values for E toward the flexible ether and ester substrates were similar with all enzymes tested (Table I) .
Discussion
It has been previously shown that the structure of the sn-2 substituent of triradylglycerols has an important impact on the stereoselectivity of Rhizopus oryzae lipase (Stadler et al., 1995; Kovac et al., 1996) . The sn-2 substituent was assumed to interact with a putative fatty acid binding site, the hydrophobic dent (Haalck et al., 1997; Holzwarth et al., 1997) . In an attempt to identify the molecular basis of stereoselectivity, in the present study the size and polarity of this binding site was systematically varied by protein engineering, and the resulting mutated lipases were investigated for stereoselective hydrolysis of five substrates with varying structure of the sn-2 substituent.
Mutations were applied to two positions in the hydrophobic dent, i.e. at L258, which interacts with the sn-2 functional group adjacent to C2 of glycerol, and at L254 interacting with C3Ј and C4Ј of the sn-2 moiety of the triradylglycerols. The five substrates were chosen to investigate the effect of both bulkiness of the sn-2 substituent and flexibility which is due to the chemical nature of the functional groups adjacent to C2. Our goal also was to localize the part of the substrate which is most important for stereoselectivity. Three flexible substrates with an OЈ-C1Ј single bond were compared with two rigid substrates with a bond order greater than one in the functional group of the sn-2 substituent. As the smallest and most flexible substrate, the ether analog was investigated. Replacing the ether group in sn-2 by an ester increases the bulkiness, but still maintains the flexibility of the sn-2 moiety adjacent to glycerol C2. The benzylether analog is identical to the ether analog near C2 of glycerol, but more bulky at C2Ј which is at a distance of 3.3 Å from C2. In contrast, an amide group is insignificantly larger than an ester group and rigid due to its partial double bond character. As the most bulky and rigid sn-2 substituent, the phenyl group was chosen.
Our predictions and our experimental data demonstrate a general trend (Table I, Figure 5 ). If the ROL binding site is large and the substrate is flexible, it will be hydrolyzed preferably in sn-1 at a maximum enantiomeric excess of 65% for the L258S mutated ROL and the ether substrate (Table I) . As the binding site decreases in size, or the sn-2 substituent of the substrate becomes more rigid, the stereoselectivity is shifted toward sn-3. Accordingly, the highest sn-3 stereoselect- ivity (enantiomeric excess of 92%) is observed for the L258F/ L254F double mutations and the phenyl substrate. Summarizing, our studies revealed that the bulkiness of the sn-2 substituent has an impact on the stereoselectivity of ROL toward triradylglyerols (ether substrate versus benzylether, Table I ), but the main influence results from the flexibility of the sn-2 substituent adjacent to C2 of glycerol. Model Molecular modeling has been used to understand the molecular basis of stereoselectivity of ROL toward triradylglycerols and to guide genetic engineering. In our model, we assumed that the scissile fatty acid binds to the hydrophobic crevice, while the sn-2 chain binds to the hydrophobic dent. For hydrolysis to occur, the geometry of the catalytic machinery and the tetrahedral intermediate of the substrate ester group must be conserved, thus, the orientation of the side chain of the catalytic histidine and the position of the scissile C-O bond of the substrate is determined. Upon binding of the substrate, the functional sn-2 group packs into the His gap between the catalytic histidine H257 and the hydrophobic L258, which is part of the hydrophobic dent. Hydrophobic and sterical interactions of the substrate with L258, as predicted by the model, was supported by the activity of wild-type and mutated ROL toward triolein. Replacing the bulky L258 by alanine maintains activity, while the exchange for the polar serine or the more bulky phenylalanine considerably decreases activity. Restriction of conformational freedom of the sn-2 functional group in the His gap implies that flexible and small groups may be better accommodated than rigid and bulky groups. To model stereoselectivity, the two possible orientations of the substrates were compared. Since the respective configurations at C2 of glycerol are opposite, the position of the sn-2 functional group in the His gap differs in both orientations. Molecular dynamics simulations served as an appropriate tool to predict the effect of these restraints on the geometry of a bound substrate. In sn-3 orientation, the sn-2 substituents of flexible substrates were located deep in the His gap, while for rigid triradylglycerols, the sn-2 substituents bound near to its surface. This change in geometry can be followed by monitoring a single torsion angle, Φ O3-C3 . For all substrates, modeled geometry and experimentally determined stereoselectivity correlate: Φ O3-C3 values of more than 150°correspond to sn-1 stereopreference, Φ O3-C3 values of less than 150°to sn-3 stereopreference.
Substrates with rigid sn-2 substituents, which are repelled by L258, are preferentially hydrolyzed in sn-3, while flexible substituents lead to sn-1 stereopreference of the wild-type ROL. A special case, benzylether highlights the relevance of the functional group. Although it bears a bulky phenyl group, the functional group is ether, and, as a consequence, this substrate behaves similar to the alkyl ether substrate.
To verify this model, the size of the binding site was changed by mutation of L258 to alanine, serine and phenylalanine. The specific activities of the mutated lipases were lower than for the wild-type ROL, but high enough to indicate that residue 258 plays a key role in stereoselectivity rather than activity of ROL (Table I) . Although L258 is neighboring to the catalytic H257, it is not essential for activity, since replacing by alanine, serine and phenylalanine reduced the specific activity of the enzyme by less than 45%. As expected, increasing the size of the binding site decreases repulsion of rigid sn-2 substituents, allows the substrate to orientate into the His gap and, thus, shifts stereoselectivity toward sn-1. This effect was most prominent for the bulky and rigid phenyl substrate. For this substrate, a switch in stereopreference from sn-3 to sn-1 occurred. For the rigid but smaller amide and for the flexible ester substrate which is similar in size, both geometry and stereoselectivity did not change considerably compared with wild-type ROL. For all substrates, enantiomeric excess values of L258A and L258S were reasonably similar. Therefore, the stereoselectivity-determining interaction is steric rather than polar.
Decreasing the size of the binding site by replacing L258 with phenylalanine has an even more dramatic effect on the geometry of binding and stereoselectivity. Rigid substrates are moved away from the His gap. As a consequence, the sn-3 stereoselectivity is considerably increased. Flexible substrates are still accommodated in the His gap. Hence, only moderate changes of the stereoselectivity occur.
In order to further increase the steric repulsion, we replaced both L258 and L254 by phenylalanine. L254 is part of the hydrophobic dent, and contacts the sn-2 alkyl chain or phenyl ring at C3Ј-C4Ј. Toward the ester substrate, the L258F/L254F double mutation becomes unselective (5% ee sn-3), while our modeling results predicted a switch of stereopreference from sn-1 to sn-3. In contrast, geometry and stereoselectivity toward the more flexible ether substrate in L258F/L254F ROL does not change significantly compared with the wild type.
Other models
The C-terminal neighbor of the active site histidine, equivalent to L258, has previously been shown to play an important role in substrate specificity and selectivity of other lipases. It belongs to the binding site of the medium sized ligand of secondary alcohols (Kazlauskas, 1994) , and may also mediate stereoselectivity for selected secondary alcohols (Hirose et al., 1995) . It also seems to play a key role in hydrolytic activity of a lipase toward phospholipids (M.Egmond, personal communication).
Empirical rules have been successfully applied to explain the enantiopreference of all lipases for esters of all types of secondary alcohols (Kazlauskas et al., 1991) . Extending this rule to primary alcohols suffered from three limitations (Weissfloch and Kazlauskas, 1995) : (i) only reactions catalyzed by Pseudomonas cepacia lipase were investigated. (ii) The primary alcohol must not contain an oxygen attached to the stereocenter. (iii) With this type of substrate, only 89% of the reactions followed the rule. Triradylglycerols, however, are different from this type of substrate, since they carry an oxygen attached to the stereocenter. An empirical rule has so far been published by Holzwarth et al. (1977) and Haalck et al. (1997) to explain experimentally determined stereoselectivities of ROL toward this type of substrate. Our present study improves this model. Since lipases vary widely in shape and size of their binding sites (Pleiss et al., 1977) , further research will be necessary to investigate whether the proposed model can be generalized to other lipases.
Conclusion
In the present study, residue 258 of Rhizopus oryzae lipase (ROL) was identified to have a major effect on the stereoselectivity while residue 254 only has a minor influence. The values of the torsion angle Φ O3-C3 in the substrate in all modeled ROL-substrate complexes served as an indicator for the preferred substrate orientation and correlated with the experimentally determined stereoselectivity. On the basis of this study, it is now possible to predict the stereopreference of ROL toward triradylglycerol substrates and to engineer mutated ROL with modified stereoselectivity.
